GPS technologies show many capabilities for monitoring atmospheric water vapor. This study uses GPS data from the Japan International Co-operation Agency (JICA) and Hubei GPS network to monitor precipitable water (PW) over the Qinghai-Tibet Plateau (QTP) and over the middle Yangtze River Valley (YRV). The results show that the southern QTP is wetter than the central area due to the barring effect of the Plateau on the monsoon. PW is higher in summer than other months over either the QTP or the middle YRV. The diurnal variation of PW over the QTP is more complex than that of the middle YRV with fluctuations occurring during the whole day due to the unique topography. The minimum PW over both the QTP and the middle YRV appears in the morning; however, the peak over the QTP occurs at night while the peak over the middle YRV occurs in the early afternoon. Furthermore, PW over the QTP, especially its southern and eastern edges, are positively correlated with PW over the middle YRV. This may imply that the southern and eastern Plateaus are key regions transporting atmospheric vapor to the middle YRV. Our results indicate the possibility of finding early warning signals resulting from the intensification of the QTP atmospheric vapor leading to heavy rainfall events over the middle YRV.
InTRoducTIon
The Qinghai-Tibet Plateau (QTP) is the largest and highest plateau in the world: its dynamic and thermal effects play an important role in the atmospheric general circulation patterns (Li 2002; Qian 2004) as well as the weather and climate of China (Xu and Chen 2006) . Severe rain storms and floods in east China are mostly induced by the QTP vortex eastward movement (Yu et al. 2007 ). According to Xu et al. (2002) , the QTP is an important transfer platform on the western edge of the forming Meiyu rains in Yangtze River Valley (YRV) over east China during summer. The interaction between the topographic effect of QTP and the monsoon water vapor flow at the southern edge initiates strong water vapor flow from the QTP to the YRV. Regional simulations show that mesoscale topographic features play an important role in generating and enhancing the mesoscale disturbances over the QTP; these disturbances can increase the surface sensible heat flux over the QTP and propagate eastward to enhance the convection and precipitation in the YRV . Thus more information on moisture, temperature and pressure over the QTP and its surrounding areas is therefore important for forecasting precipitation over downstream areas (Peng et al. 2009 ). However, few observational data are available in the QTP because of the complex terrain and difficult weather conditions.
Recently, the development of GPS technology has provided the possibility to obtain detailed atmospheric data. Precipitable water (PW) can be obtained from ground-based GPS observations using the approach of Bevis et al. (1994) based on the linear relationship between the zenith wet delay (ZWD) and PW. GPS observations can be available automatically at high temporal resolution regardless of weather conditions. Using the GPS water vapor observation network of the Japan International Co-operation Agency (JICA), Xu et al. (2008) discussed the atmospheric water vapor data collected over the QTP and the surrounding area. Terr. Atmos. Ocean. Sci., Vol. 22, No. 2, 195-202, April 2011 In this study, we examine the variation in PW over the QTP using data from GPS water vapor observation network of the JICA during 2008, and also explore the relationship between PW in the QTP and the middle YRV.
dATA And meThodoloGY
The GPS data for the QTP are obtained from the JICA GPS water vapor observation network , and data for the middle YRV are from the Hubei GPS water vapor observation network managed by the Institute of Heavy Rain (IHR), China Meteorological Administration (CMA). Nine GPS stations in the QTP and twelve in Hubei province are used in this study. The data for the QTP covers the period of January through December 2008, except for October. For a given station in the QTP, the data is occasionally discontinuous due to power outages, communication interruptions, or other equipment problems. Because the Hubei GPS network is set up after March in 2008, the data in Hubei covers only April through December. The GPS data temporal resolution is hourly. Figure 1 shows the distribution of the selected GPS stations, and Table 1 presents the corresponding coordinate information. Among the stations in the QTP, there are five stations (RUOE, GANZ, LITA, DEQN and BFLJ) located in the eastern edge, and others located in the southern edge (LINZ and DINR) and central area (NAQU and GAIZ), respectively. All stations in Hubei are located in the plain.
In deriving the PW from ground-based GPS observation, the zenith total delay (ZTD) is calculated with GAMIT software developed by Massachusetts Institute of Technology (MIT). Zenith hydrostatic delay (ZHD) is calculated from the model given by Elgered et al. (1991) 
where P 0 is surface pressure in hPa, Φ and H are the latitude and height (in km) of the station, respectively. ZWD is obtained by subtracting ZHD from ZTD. Finally, PW is derived from ZWD using the following formula given by Bevis et al. (1994) :
where t denotes the density of liquid water, R v is the specific gas constant for water vapor, and T m represents the weighted mean temperature of the atmosphere; T m is defined as (Davis et al. 1985) :
T m has a linear relation with the surface temperature T s . We calculate T m through the following formula (Bevis et al. 1992) :
In formula (2), and m is M w /M d , the ratio of the molar masses of water vapor to the dry air. The physical constants k 1 , k 2 , and k 3 are from the widely used formula for atmospheric refractivity N. We adopt the values in Bevis et al. (1994) :
.739 × 10 5 K 2 · h Pa -1 . Using the above approach, Yang et al. (2002) calculated PW of Lasa (latitude = 29.7°N, longitude = 91°E, altitude = 3659 m) in the QTP and found the results compared with PW obtained from radiosonde data; the mean bias in PW is 0.2 mm with a mean square root error of 1.5 mm, indicating the applicability of the method for the QTP.
It should be pointed out that only observations with greater than 16 hours of data for a day are used. The monthly mean PW is calculated by averaging all samples for that month.
ReSulTS And dIScuSSIon

Seasonal Variations of PW over the QTP
The monthly mean PW over the Plateau stations is shown in Fig. 2 . The results illustrate that PW over the QTP has obvious seasonal variation. The variation is smaller in the early part of the year, then increases in the spring and becomes greater around July or August, and then decreases after that. The seasonal variation implies a wet summer and dry winter in the QTP. This is reasonable because the warm and wet southwest monsoon is stronger in the QTP in summer and weaker during other seasons (Liang et al. 2006) .
For comparison, the monthly mean PW over the Hubei stations is shown in Fig. 3 . Generally, PW over Hubei shows a similar seasonal variation as PW for the QTP, which can be explained by the dominant general circulation at similar latitudes. Only slight differences are detected in PW over the Hubei stations because of their similar altitudes (see Table 1 ).
Figure 2 also shows an altitude dependence of the PW. As a whole, low altitude stations have a larger PW than high altitude ones since they have a larger integration range. Interestingly, sites NAQU, GAIZ and DINR have similar altitudes near 4400 m, but PW over DINR is obviously higher than PW over NAQU and GAIZ during the summer months. Especially in July, PW over DINR is 15.5 mm while those over NAQU and GAIZ are about 12.0 mm. Although the altitudes of GANZ and DEQN are nearly the same (~3300 m), DEQN (23.2 mm in August) has an obvious larger PW than GANZ (19.9 mm in August) in the summer months. Both DINR and DEQN are located in the southern QTP, while GAIZ, NAQU and GANZ are located in the central QTP. These results indicate that the southern QTP is wetter than the central area during the summer months. The topography of the QTP is responsible for this feature. In the summer months, the southern QTP meets the warm and wet southwest monsoon, but in the central QTP the southwest monsoon becomes weak due to the barring effect of the Plateau on the monsoon, which results in wetter air in the southern QTP and drier air in the central area.
diurnal Variations of PW over the QTP
Few studies have reported on diurnal variations of the atmospheric water vapor over the QTP due to the lack of data. The GPS PW used in this study provides a good opportunity to examine the variations of atmospheric water vapor over the QTP. Figure 4 shows the daily variation of PW over the QTP stations. PW is lower in the morning, and then increases until the maximum appears around midnight, and decreases after that. Excluding BFLJ, the minimum PW (PW min ) over the other Plateau stations appears during 0600 -1000 LT and the maximum PW (PW max ) occurs during 2100 -0200 LT. For BFLJ, the PW min and PW max are at 0500 and 1500 LT, respectively. The hourly mean PW over the Hubei stations are also calculated for comparison. As shown in Fig. 5 , the diurnal variation in PW is obvious and is similar for all stations, with few fluctuations during a day. The PW is low in the morning, but increases with time quickly after sunrise and approaches the maximum in the early afternoon, and then decreases following the peak. For all Hubei stations, the PW min occurs during 0500 -0600 LT and PW max during 1400 -1500 LT. Obviously, PW min over both the QTP and the middle YRV occurs in the morning; however, in the QTP except for BFLJ, the PW max occurs at night, while in the middle YRV it occurs in the early afternoon. The results show that the diurnal variation in PW over the QTP is more complex than the diurnal variation over the middle YRV, which might be related to the QTP topography. In the QTP, atmospheric conditions are more instable than in the middle YRV. The fluctuations in the diurnal variation in PW over the QTP may be a representation of the variable weather in the Qinghai-Tibet Plateau. There is a striking phenomenon in the QTP, where most rainfall occurs at night (local time), which is partly due to the rela- tively larger humid and stronger convective clouds during nights over the QTP (Li 2002 ).
correlation in PW between the QTP and the middle YRV
Because collecting more atmospheric data over the QTP is important and needed for forecasting precipitation in downstream areas (Peng et al. 2009) , it is meaningful to examine the correlation in PW between these two areas. We calculate the correlation coefficients in PW between the QTP and Hubei stations during the corresponding UT period as presented in Fig. 6 . The correlation coefficients for PW (marked as r PW ) between the QTP and Hubei stations are generally above 0.5, with several exceptions for DINR and GAIZ. For DINR, however, there are three stations in Hubei having r PW less than 0.5, which may be the influence of the data gap. Furthermore, the r PW for the five stations in the eastern edge of the QTP vary between 0.5873 -0.7255, and for LINZ, between 0.6379 -0.8123, both higher than r PW for the two stations in the central QTP (range 0.4812 -0.6327). These results suggest a positive correlation in PW between the QTP and the middle YRV, and the positive correlation is more obvious for the southern and eastern edges of the QTP compared to the correlation for the central area. To better understand the correlation in PW between the QTP and Hubei stations, we consider all Hubei stations as a whole by averaging the r PW of these stations with a given one in the QTP, and use the mean r PW (marked as r PW_mean ) as the correlation coefficient between the given QTP station and all the Hubei ones. Because the longitudinal distance between the QTP and Hubei is more than 1000 km, many hours are required to transport air vapor from the QTP to Hubei. We calculate the r PW_mean between each QTP station and all Hubei stations with a time lag from 0 to 168 h in Universal Time. The maximum r PW_mean of each QTP station and its occurrence time are given in Table 2 . Among the QTP stations, except DINR, the maximum r PW_mean of the five eastern edge stations are close to the range 0.6924 -0.7259, smaller than correlation for LINZ but larger than those of the two central QTP stations. In addition, the maximum r PW_mean occurrence time is for the most distant station, and lowest for the eastern edge stations except DEQN and BFLJ. The positive correlation in PW between Hubei and the southern QTP edge and the eastern edge is more obvious than the central QTP. Xu et al. (2002) , Xu and Chen (2006) indicated that the QTP, especially the southern Plateau, and its eastern areas ("large triangle") are key areas for the transport of water vapor, which is important for initiating the rain and subsequent flooding in the Yangtze River during the Meiyu rainfall period (June to July). Our results show that there is a positive relationship in PW between the middle YRV and the QTP, especially the southern and eastern QTP. This may imply that the southern and eastern QTP are key regions for the atmospheric vapor being transported to the middle YRV. The results shown here are encouraging because it may be possible to find early warning signals in the atmospheric vapor of the QTP for identifying serious rainfall events in the middle YRV.
concluSIonS
PW over the QTP and the middle YRV is analyzed. The results can be summarized as follows:
(1) The PW over the QTP has similar seasonal variation as the variation over the middle YRV, which is larger in summer than other months. Due to the barring effect of the QTP on the monsoon, the air is wetter in the southern Plateau and drier in the central area. (2) Owing to the complex topography of the QTP, the diurnal variation of PW over the Plateau is more complex than the variation over the middle YRV with fluctuations occurring during the whole day. The minimum PW appears in the morning over both the QTP and the middle YRV; however, the peak over the QTP occurs during the night while that over the middle YRV occurs during the early afternoon. (3) There is a positive correlation in PW between the middle YRV and the QTP, especially the southern and eastern edges of the QTP. This implies that the southern and eastern Plateau are key regions for transporting atmospheric vapor to the middle YRV, and it may be possible to find early warning signals in the atmospheric vapor of the QTP for identifying heavy rainfall events in the middle YRV.
